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Abstract:  
Point defects in hexagonal boron nitride have emerged as a promising quantum light source 
due to their bright and photostable room temperature emission. In this work, we study the 
incorporation of quantum emitters during chemical vapor deposition growth on a nickel substrate. 
Combining a range of characterization techniques, we demonstrate that the  incorporation of 
quantum emitters is limited to (001) oriented nickel grains. Such emitters display improved 
emission properties in terms of brightness and stability. We further utilize these emitters and 
integrate them with a compact optical antenna enhancing light collection from the sources. The 
hybrid device yields average saturation count rates of ~2.9 x106 cps and an average photon purity 
of ~90%. Our results advance the controlled generation of spatially distributed quantum emitters 
in hBN and demonstrate a key step towards on-chip devices with maximum collection efficiency. 
 
Introduction:  
Atomic defects in solid state hosts that act as single photon emitters (SPEs) are promising 
hardware components for a range of emerging quantum technologies,1 such as quantum network 
nodes, quantum repeaters, and quantum key distribution. Despite rapid advances culminating in 
these proof of principle demonstrations, reliable fabrication techniques and subsequent integration 
with nanophotonic components remains challenging.2 
Recently, layered van der Waals materials such as hexagonal boron nitride (hBN) have 
been explored as hosts of SPEs.3, 4 This class of materials is of a particular interest as their layered 
nature provides avenues for nanoscale manipulation and reliable integration with photonic 
devices.5-8 hBN SPEs are especially promising due to the stability of the host,9 room temperature 
operation,10 outstanding optical properties,11 and the presence of optically detected magnetic 
resonance signals.12-14 
 SPEs in hBN can be engineered through chemical vapor deposition (CVD),15-17 molecular 
beam epitaxy,12, 18 or metal organic vapor phase epitaxy.12 Bottom up fabrication encompasses two 
primary advantages over top down fabrication methods. The first is the ability to fabricate cm scale 
thin films with controlled thickness that are ideal for transfer and incorporation with nanophotonic 
platforms.19 The second is the ability to manipulate the photophysical properties of the 
incorporated SPEs during growth, such as defect density,20 emission energy,20 and the fabrication 
of homogeneous ensembles.12 
 In this work, we report on low-pressure CVD growth of hBN on polycrystalline Ni foils. 
We demonstrate that SPEs are selectively incorporated only in hBN grown on (001) Ni, despite 
confirming that growth occurs on all grain orientations. Remarkably, the SPEs incorporated on 
(001) Ni display superior emission intensity and stability compared to previous CVD growth 
studies on copper.15-17 Consequently, we transfer the few-layer hBN to a planar dielectric antenna 
to enhance its collection efficiency. Our hybrid device yields average saturated count rates of 
~3x106 counts/s and a high emission purity g2(0)~0.1. Our results advance the understanding of 
SPE formation in layered materials and provide a unique and promising route to deterministic 
SPEs for quantum photonics. 
Figure 1a displays a schematic illustration of the CVD hBN growth on polycrystalline Ni 
foil. The growth of hBN via low-pressure CVD was performed following an established protocol.15 
Figure 1b displays a Fourier-transform infrared spectrum recorded from as-grown multilayer hBN 
films. The spectrum is from a large area that contains all Ni grain orientations, and displays the 
three characteristic FTIR active stretching modes,21 confirming the growth of few-layer hBN. 
Figure 1c displays an optical image of a selected region of the Ni film covered with few-layer 
hBN. A clear contrast in the colors of the different Ni grains can be observed, consistent with 
previous reports.22 Figure 1d displays the same region analyzed by scanning electron microscopy, 
where the grain boundaries are similarly visible.  
To determine the orientation of each Ni grain, we analyzed the region with electron beam 
secondary diffraction (EBSD), Figure 1e. The image displays the orientation of the Ni domains at 
the surface, and it can be seen that (111), (101), and (001) oriented grains are distributed randomly 
across the foil with individual grains showing surfaces areas of ~10-50µm2. To probe for local 
variations in the material quality of the as-grown hBN film (i.e. within a particular single crystal 
grain), we collected the Raman spectra from (111), (101), and (001) oriented grains displayed in 
Figure 1f. hBN displays only one prominent Raman active stretching mode – an E2g mode at 
~1367cm-1.23 Note that the collection parameters were held constant across the measurements, and 
the individual peaks were normalized to the (001) spectrum, permitting a direct comparison of 
relative intensity. For (101) and (001) grains we observe a strong resonance at 1368.1cm-1 and 
1367.5cm-1, respectively. The signal is ~20% weaker on the (101) grain, while both display a near-
identical peak full width at half maximum (FWHM) of ~33.5cm-1. The similar widths suggest 
similar material quality,24 while the hBN film may be slightly thicker on the (001) grains.23 In 
contrast, we only observe a weak Raman signal for hBN grown on (111) oriented Ni grains. The 
presence of the E2g mode centered at 1367.4cm-1 confirms that hBN is present on (111) grains. The 
signal is ~5 times weaker, suggesting that less material has been grown. However, the peak 
displays a narrower FWHM (18.7cm-1) than observed on the (101) and (001) grains, indicating a 
slightly higher material quality of the hBN grown on (111) grains. We further discuss the 
implications of the grain dependent growth rate, and underlying mechanism below. 
Figure 1. CVD growth of hBN on polycrystalline Ni foil. a. Schematic illustration of hBN growth 
on Ni (111), (101), and (001) grains, where orange spheres represent SPEs which are only 
observed on (001) oriented Ni grains. b. FTIR spectrum from the as-grown hBN on nickel, showing 
the LO and TO active modes. Optical (c) SEM (d) and EBSD (e) images of as-grown hBN on Ni. 
Inset in e displays the legend relating the grain orientation to color.  f. Raman spectroscopy of 
hBN on different Ni grains (111), (101), (001). The spot of each collection is marked with a white 
circle in panel e.   
 
We next characterize the photoluminescence (PL) of hBN grown on different Ni grains to 
examine potential variations in SPE incorporation. Note that all measurements were performed 
with the hBN adhered to the Ni growth substrate. Figure 2a displays a selected region where the 
grains are sufficiently small to be investigated in-tandem, within the field of view of our optical 
setup. Utilizing a custom-built scanning confocal PL setup, we mapped a selected area (indicated 
by the black dashed line in figure 2a). Figure 2b displays the resulting confocal scan, where we 
observe a clear dependence of emission intensity from the hBN film on the orientation of the 
underlying Ni substrate. Specifically, hBN on (001) grains displays a bright fluorescence, whilst 
that on (101) and (111) grains is drastically reduced. 
We further checked for the presence of SPEs in each subsequent grain orientation, by 
recording the spectrum from localized excitation spots. Figure 2c shows a representative spectrum 
of an SPE located in a (001) Ni grain, displaying the characteristic line shape of hBN SPEs in the 
visible spectral range. The emitter has a zero-phonon-line (ZPL) at ~573nm and a phonon side-
band (PSB) consisting of 2 peaks at ~644nm and ~653nm.25 To probe the nature of the emission 
we performed second order auto-correlation measurements on the emission peak, and obtained 
g2(0) < 0.5, confirming the quantum nature of the emission, inset Figure 2c. While SPEs are easily 
located within corresponding (001) Ni grains, we were unable to locate any narrow emission peaks 
resembling hBN SPEs in either (101) or (111) Ni grains within the entire 125x125µm scan area in 
Figure 2b.  
Figure 2. Grain dependent incorporation of hBN SPEs. a. EBSD map demonstrating the Ni grain 
orientation in the characterized area. The black (white) dashed box corresponds to the area 
mapped in b (d) respectively, white the white circle marks the SPE in c. b. Confocal PL mapping 
(532nm 300µW) of the black dashed area. The white circle marks the SPE displayed in c. c. 
Spectrum of representative SPE localized at the white circle in a and b. Inset displays the g2(τ) 
from the same emitter. d. Wide-Field imaging of white dashed area marked in a. A high density of 
SPEs on (001) Ni grains is apparent while no SPEs appear in alternative grain orientations. 
 
To directly visualize the grain dependent incorporation of SPEs and to evaluate the density 
of SPEs in (001) grains we additionally performed wide-field imaging, as shown in figure 2d. The 
imaged area corresponds to the white dashed area in figure 2a. Each localized emission center is 
attributed to an SPE. These results confirm the high density of SPEs incorporated in (001) Ni 
grains, while SPE are not observed on alternative grain orientations. Additional areas characterized 
via wide-field imaging all demonstrate that incorporation of SPEs is limited to (001) oriented 
grains, see Supporting Information. 
In an attempt to understand the selective incorporation of SPEs on Ni (001) grains, we 
reflect on current understanding of the growth mechanism of hBN on Ni. It has previously been 
postulated that variations in the surface energy,22 or the sticking coefficient of the precursor 
compounds,26 on different Ni grain orientations is responsible for the observed growth rate 
dependencies. However, more recent work has confirmed that the role of diffusion and segregation 
of precursor species within the Ni catalyst also play a central role,27 which is supported by the 
understanding that diffusion kinetics of atomic species such as B, C, and N within Ni are highly 
sensitive to temperature as well as the grain orientation of the Ni.28, 29 In fact, at temperatures near 
that used during growth in this study (1030˚C), the diffusivity of atoms within nickel is highest on 
the (001) plane.28, 29 Interestingly, previous studies have demonstrated that modifying catalyst 
diffusion effects can control both the density and emission energies of hBN SPEs during CVD 
growth on copper.20 
As a result, we propose that grain-dependent variations in atomic diffusion processes 
provide the most straightforward interpretation of the selective incorporation of SPEs on Ni (001) 
grains. The consequences of the proposed mechanism are twofold. The first is through modified 
feeding rates of B and N to the surface, a parameter known to influence the formation energies of 
atomic defects.30 The second is via the incorporation dynamics of heteroatom impurities such as 
carbon, which has recently been linked to SPEs in hBN.12 Our interpretation is strengthened by 
noting that while grain dependent diffusion effects are also observed in CVD of hBN on Cu, they 
are relatively minor in comparison to Ni showing negligible variations in the observed growth 
kinetics.31 This is consistent with previous reports demonstrating that SPEs are incorporated 
homogeneously across various Cu grain types,15 suggesting grain based diffusion variations are 
not significant enough to affect SPE incorporation on Cu. 
Having established the grain dependent incorporation of SPEs on Ni (001), we explore in 
further depth their optical properties. Figure 3a displays a histogram of ZPL energies for 84 
separate SPEs localized on Ni (001). Emitter ZPLs are found to be clustered around 580 nm, with 
~87% <600nm, in agreement with previous studies on SPEs in CVD grown hBN materials.15, 16 
The inset for Figure 3a shows a typical stability trace for a Ni (001) emitter at an excitation power 
of 300µW, demonstrating a stable emission rate despite the nanoscale dimensions of the film (~10 
nm) 
Next, we compare the overall intensity of the emitters grown on Ni and Cu foils. Figure 3b 
(bottom panel) plots the emission intensities of 10 representative SPEs characterized on Ni (001) 
grains (blue) contrasted with 10 SPEs grown on Cu foil (red). Each sample was grown under 
otherwise identical growth conditions, and their brightness compared by evaluating the relative 
spectrometer counts under equivalent excitation conditions (300µW, 10sec acquisition). 
Brightness was evaluated via spectral comparison (as opposed to photon counting) to reduce the 
potential contribution of varying background emission rates between the samples. SPEs 
incorporated on Ni (001) display an average ~2.5-fold enhancement in emission compared to those 
on copper (dashed lines Figure 3b). The enhancement fluorescence of SPEs on Ni (001) planes is 
likely the result of favorable environmental influences—such as a decreased in the prevalence of 
nearby charge traps or additional point defects—as quantum efficiency and brightness are known 
to vary even locally,32, 33 however, the exact mechanism responsible for emission rate fluctuations 
in hBN SPEs remains unknown. Figure 3b (top panel) displays the three brightest emitters 
characterized on Ni (001) grains, the brightest of which displayed a fluorescence signal roughly 
10x the average SPE observed on Ni (001) with an estimated count rate of ~7.6*106 cps, see 
Supporting Information. The extreme brightness of this particular SPE highlights the potential for 
ultra-bright emission centers fabricated via bottom up growth. 
The improved emission rate and stability of SPEs incorporated on Ni (001) grains 
encompassed within a nanometer scale host material (<10nm) makes this system appealing for 
integration into planar dielectric antennas (PDAs) which can enhance the collection efficiency 
from the source.34 PDA structures have been successfully implemented in the past for efficient 
light extraction from single molecules in organic crystals,35 quantum dots in thin polymer films,36 
and Nitrogen vacancy centers in diamond.37 These devices are inherently broadband,38 robust 
against fabrication imperfections, and compatible with a variety of single photon sources. 
Figure 3. Optical properties of hBN SPEs incorporated on Ni (001) grains. a. Histogram plotting 
the ZPL positions of 84 analyzed SPEs on Ni (001) grains, with a 5nm bin width. The emission 
lines are clustered around 580nm. The inset shows a representative stability trace from an SPE at 
300µW b. The lower panel is a scatter plot comparing the relative brightness of 10 representative 
SPEs on Ni (001) grains (blue triangles) and on Cu (red triangles). Dashed lines indicate the 
average count rates for each set of 10 SPEs. The upper panel records the brightest SPEs observed 
from Ni (001) grains, which are separated due to their higher relative brightness.  
 
Figure 4a depicts a schematic illustration of the PDA design used in this work, consisting 
of a glass coverslip capped with a 250 nm layer of MgF2 on top of which the hBN is transferred 
(cf. methods). To ensure optimal operation of the hybrid structure, we must consider the refractive 
index (n), the thickness of the hBN layer, as well as the emission energy (𝜆SPE) of the SPE. 
Specifically, for a hBN layer thickness (nhBN=1.8)39 approaching 𝜆SPE / (2 * nhBN), the appearance 
of propagating modes within hBN will occur. In this case the hBN layer will act as a 2D waveguide 
created by the MgF2/hBN/air stack (nMgF2< nhBN, nair< nhBN,), and the light coupling to these 
unwanted modes cannot be channeled into the collection optics, effectively lowering collection 
efficiency. Therefore, for optimal operation of the antenna, the hBN film thickness must be << 𝜆SPE  / (2 * nhBN). In practice, hBN layer thicknesses ≤ 20 nm are optimal to negate all unwanted 
channeling effects, making epitaxial hBN films, in this case ~ 10 nm thick, ideally suited for PDA 
integration. Figure 4b shows the simulated collection efficiency and relative power density from 
an in-plane linearly polarized dipole in hBN integrated with the PDA, calculated in accordance 
with previously published methods.40 We find that more than 84% of the fluorescence emission 
can be channeled within a collection angle of 70˚, which can be easily collected by using an oil 
immersion objective (NA of 1.46). This represents a minimum of a ~2-fold enhancement in the 
collection efficiency compared to measurements performed on Ni as in this work. 
To quantify performance of the hBN/PDA device, we characterized the saturated count 
rate and purity of 3 representative SPEs. Figure 4c displays the saturation curves of 3 such SPEs. 
To provide an upper bound for the saturated emission rate from each SPE, we measured the count 
rate on the SPE and subtracted the background emission recorded from ~1µm away. Each recorded 
saturation curve was fit with the equation 𝑓(𝑃) = 	𝐼! ""!"#	$	", where 𝐼! is the saturated count rate, 
and 𝑃%&' is the saturation power. The obtained fits for SPE 1, 2, and 3 yield saturated count rates 𝐼!	= 3.92±0.23*106 cps, 2.27±0.05*106 cps, and 2.59±0.19*106 cps. The corresponding saturation 
powers are PSat = 39.8±4.8µW, 25.2±1.4µW, and 36.0±5.6µW respectively. The high-count rates, 
displaying average values 𝐼!~2.9*106 cps at a very low saturation power of ~34 µW, demonstrate 
the promise of the integrated hBN/PDA device structure. 
Figure 4. Integration of hBN films with a planar dielectric antenna. a. Schematic representation 
of the hBN/PDA structure. b. Simulated power density (light red region) and collection efficiency 
(red line) as a function of the collection angle for a hBN SPE excited on the antenna. The maximum 
collection efficiency is ~84% at collection angles of ~70˚. The inset displays the simulated emission 
profile of a hBN SPE with a dipole oriented in plane c. Saturation curves for 3 separate hBN SPEs 
excited with a 532nm laser with powers from 0-66µW. d. Corresponding g2(τ) collections for the 
3 emitters in figure 3c. 
 
Figure 4d displays the associated g2(τ) for SPE 1, 2, and 3, each collected with an excitation 
power of 10µW. We note in all cases, no additional spectral filtering or background subtraction 
was performed to provide a quantitative measurement of the emission purity. Fitting the collections 
for SPE 1, 2, and 3 yield g2(0)=0.08, 0.18, and 0.07 respectively, confirming the high purity of the 
emission, see Supporting Information. The high-count rates, stability, and emission purity 
observed from the hybrid hBN/PDA device, provide a simple, yet promising and scalable platform 
for emerging quantum technologies. 
In summary, we have demonstrated that hBN SPEs grown on polycrystalline Ni foil are 
incorporated preferentially in hBN on Ni (001) grains. We propose that the origin of the effect is 
variations in the diffusion and subsequent supply of atomic species during growth, a parameter 
known to vary with the grain orientation of the Ni catalyst. Intriguingly, controlling these diffusion 
effects on a nanometer scale could enable spatially controlled SPE incorporation during growth. 
These emitters display an enhanced fluorescence intensity (~2.5x) compared to those incorporated 
during hBN growth on Cu, with brightest showing ~7.6x106 counts/s. Finally, leveraging the 
nanoscale dimensions of the hBN thin films (~10 nm), we incorporate them in a planar dielectric 
antenna to maximize collection efficiency. Characterization of SPEs in the hybrid device yield 
average count rates of ~2.9*106 cps at a saturation power of ~ 34µW, and a high emission purity 
of ~ 90%. The hybrid devices are promising for room-temperature integrated quantum photonics 
with hBN and pose an efficient strategy to maximize collection efficiency from other two-
dimensional quantum light sources. 
 
Supporting Information: 
The supporting information includes detailed experimental methods, as well as additional optical 
and materials characterization. 
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